Metabolism · Obesity · Resting energy expenditure · Thermogenesis · Muscle mitochondria Summary Background/Aims: The extent of weight gain varies among individuals despite equal calorie overconsumption. Furthermore, weight gain is often less than expected from energy excess. This suggests differences in metabolic efficiency and basal metabolism. Since mitochondrial uncoupling accounts for a substantial portion of the basal metabolic rate, we compared skeletal muscle mitochondrial respiration in obese subjects to normal-weight reference groups with various degrees of physical activity. Methods: Muscle biopsies were taken from the vastus lateralis muscle of 9 healthy obese subjects (BMI 40 ± 3). Mitochondria were isolated and analyzed for coupled (state 3) and uncoupled (state 4) respirations as well as mitochondrial efficiency (P/O ratio) using pyruvate as a substrate. Respiratory data were compared to reference groups A, normal-weight untrained (BMI 24 ± 0.7), and B, normal-weight trained (BMI 24 ± 0.6). Results: Obese subjects had a decreased respiratory capacity per mitochondrial volume compared to the reference groups: this was evident in state 4 (65% and 35% of reference group A and B, respectively) and state 3 (53% and 29% of A and B, respectively) (p < 0.05). Conclusion: Obese subjects had a low capacity for fuel oxidation, which may play a role in the predisposition of obesity. However, whether lower mitochondrial capacity is a cause or a consequence of obesity requires further research.
Introduction
Obesity is a result of a prolonged imbalance between energy intake and energy expenditure. Nevertheless, several studies have shown an interindividual variability in the susceptibility to weight gain, in response to controlled overconsumption of calories [1] . In addition, experiments with overfeeding have shown that weight gain is often less than expected from the energy excess [2, 3] , suggesting alterations in metabolic efficiency and the basal metabolism.
For most people, basal metabolism is by far the largest contributor to the body's energy expenditure [4] . Although the skeletal muscle has a low basal metabolism per unit of weight, it can constitute up to 30% of the body's oxygen consumption at rest [5] , making the muscle an obvious target to study metabolism in relation to obesity.
Mitochondria are essential for energy production at the cellular level. Therefore, differences in energy expenditure and basal metabolism may be attributed to mitochondrial function. Mitochondrial dysfunction is now considered a key factor in the development of insulin resistance [6] , which is strongly associated with obesity. On the other hand, Fleischman et al. [7] have dismissed an association between obesity and mitochondrial dysfunction based on comparisons in muscle ATP synthesis between overweight and normal-weight children.
Proton leakage of the inner mitochondrial membrane (uncoupling) results in metabolic inefficiency -where part of the energy diffuses as heat rather than being consumed or stored as fat. Uncoupling accounts for a substantial portion of basal metabolic rate [8] and thus becomes crucial for energy and weight control. When the coupling between mitochondrial oxidation and ATP synthesis is reduced, the energy will dissipate as heat instead of being available for consumption and Bakkman/Fernström/Loogna/Rooyackers/ Brandt/Lagerros storage (fat mass). This potential for metabolic adjustment, called the adaptive thermogenesis [6] , may serve as an important factor in preventing obesity through increased expenditure in subjects on hypercaloric diets.
It has been shown that obese individuals exhibit reduced levels of oxidative enzymes and lower mitochondrial volume compared to normal-weight individuals [9] [10] [11] [12] . Furthermore, at least one study has shown a decreased activity of the electron transport chain (ETC) in muscle mitochondria from obese subjects compared to lean control subjects after adjusting for mitochondrial volume [10] . Therefore, we hypothesize that less proton leakage, in other words more efficient mitochondria, might lead to less oxygen consumption and thereby an increased risk of weight gain.
Thus, the aim of the present study was to examine if mitochondrial respiratory capacity in skeletal muscle of obese subjects is reduced compared to their lean counterparts.
Participants and Methods

Subjects
Nine consecutive healthy obese subjects, who were referred to obesity surgery at the Bariatric Center, Sophiahemmet, Stockholm, during spring 2009, participated in the study. Exclusion criteria were smoking and any type of medication, resulting in a selection of only women.
All subjects were informed about the study and provided a written informed consent. The subjects were also asked to self-report their total physical activity level -all reported an inactive or low active lifestyle. In addition, subjects were asked to wear electronic pedometers (Silva, Ex1 Distance) during 3 consecutive days and to keep a record of steps taken. The study was approved by the Ethics Committee of the Karolinska Institutet, Stockholm, Sweden.
Reference Groups
The normal-weight reference groups represented subjects in two separate studies that have previously been conducted by our group. Reference group A, normal-weight untrained, consisted of 9 normal-weight individuals (4 women, 5 men) not exercising regularly [13] and reference group B, normal-weight trained, consisted of 9 ultra-endurance performance athletes, all men [14] . Maximal oxygen consumption (VO 2 -max) was used to assess fitness level. Characteristics of the study subjects and reference groups are described in table 1.
Surgery
All obese subjects underwent a laparoscopic gastric Roux-en-Y bypass (RYGB). RYGB is a surgical procedure leading to caloric restriction by both a restrictive (stomach volume reduction) and malabsorptive (bypassing of the duodenum and a part of the jejunum) mechanism. An antecolic, antegastric gastrojejunostomy was performed. The surgery resulted in an alimentary limb of 120 cm and a biliopancreatic limb of 60 cm. In addition, the gastric pouch was decreased to about 20-30 ml in size.
Muscle Biopsies and Isolation of Mitochondria
Muscle biopsies were obtained by a needle biopsy technique from the vastus lateralis muscle immediately after induction of anesthesia, but before the gastric bypass. An incision was made through the skin and fascia by a scalpel under general and local anesthesia (5-10 ml Carbocain, 20 mg/ml). The biopsy was taken using the technique of Bergstrom [15] . On average, a 72 mg muscle sample was used for isolation of mitochondria.
To isolate the mitochondria we used the technique of Tonkonogi and Sahlin [16] . Briefly, muscle specimens were disintegrated mechanically with scissors and treated with 0.4 mg/ml protease (Sigma P-4789) for chemical disruption. This was followed by homogenization and differential centrifugation to separate mitochondria from other cell organelles. The final mitochondria pellet was resuspended in a preserving medium (225 mmol/l mannitol, 75 mmol/l sucrose, 10 mmol/l Tris-base, 0.1 mmol/l EDTA, and 0.2% bovine serum albumin, pH 7.4). Immediately after receiving the mitochondrial suspension the analysis of respiratory activity was performed.
Analysis of Mitochondrial Respiration
Mitochondrial respiratory activity was measured using a Clark-type electrode (Hansatech DW1; Hansatech, King's Lynn, Norfolk, UK) at 25 °C. Respiration was analyzed in an oxygraph medium (225 mmol/l mannitol, 75 mmol/l sucrose, 10 mmol/l Tris-base, 10 mmol/l K 2 HPO 4 , 0.1 mmol/l EDTA, 80 μmol/l MgCl 2 , and 0.2% bovine serum albumin, 5 mmol/l pyruvate, 2 mmol/l malate, pH 7.1). The mitochondrial suspension was then added to the reaction medium.
Coupled respiration (state 3), i.e. production of ATP, was initiated by the addition of ADP (final concentration 0.3 mmol/l), which in turn increases the oxygen consumption of the mitochondria. The oxygen consumption does not cease completely even though all ADP phosphorylates to ATP. Instead, the respiratory rate returns to the level it had prior the ADP-addition, reflecting the thermogenesis (state 4, uncoupled respiration).
The respiratory control index (RCI) was calculated as the ratio between state 3 and state 4 respirations. The efficiency of oxidative phosphorylation (P/O ratio) was calculated by dividing the amount of added, i.e. phosphorylated, ADP by the amount of oxygen consumed during state 3 [17] . Subsequent to measuring respiration, the remaining mitochondrial suspension was frozen and stored at -80 °C. Defrosted samples were then used for spectrophotometrical determination of mitochondrial citrate synthase activity (CS) as described by Tonkonogi et al. [18] .
Statistics
Comparisons of respiration data between the three groups (reference group A, reference group B, and obese subjects) were conducted using the non-parametric Kruskal-Wallis test. The location of significance was tested by a Wilcoxon signed-ranked test. The statistical analyses were performed using PC-SAS. The results are expressed as mean ± SEM. Statistical significance was set at p < 0.05.
Results
The characteristics of the subjects and reference groups are shown in table 1. The reference groups were of similar BMI (normal weight) and age, whereas the obese subjects were Table 1 . Characteristics of subjects and reference groups in the study of mitochondrial function in obese subjects compared to normal-weight individuals with various degrees of fitness levels
Reference group
Obese subjects (n = 9) A (n = 9) B (n = 9) The rate of respiration in the presence of ADP (state 3) expressed per unit of CS (a marker of mitochondrial volume) was 45% lower among the obese subjects than in the normal-weight, untrained reference group ( fig. 2) , p = 0.0017. The trained reference group had in turn an 88% higher state 3 respiration than the untrained reference group, p = 0.0005. In the uncoupled state (state 4), obese subjects exhibited respiration that was 65% of the uncoupling rate in the normal-weight, untrained reference group, p = 0.0343, and only 35% of the uncoupling rate measured among the trained, p = 0.0005.
Discussion
This article highlights differences in mitochondrial capacity in skeletal muscle between obese and normal-weight individuals. We found that obese subjects had a decreased respiratory capacity per mitochondrial volume compared to two normalweight reference groups with various degrees of fitness. This was evident in coupled isolated mitochondria (state 3 respiraabout 10 years older. The obese subjects had normal levels of conventional obesity-related metabolic risk factors (HbA1c; 4.7 ± 0.12%, triglycerides, TG; 1.6 ± 0.23 mmol/l, low-density lipoproteins, LDL; 2.8 ± 0.27 mmol/l, high-density lipoproteins, HDL; 1.0 ± 0.13 mmol/l).
Reference group A was defined as untrained based on their VO 2 -max of 3.62 ± 0.27 l/min. The trained reference group B was endurance athletes with a VO 2 -max of 5.01 ± 0.14 l/min. The obese subjects were considered untrained based on self-reported activity level and 3 days of objective measurements with pedometers. The subjects took on average 6,630 ± 840 steps per day.
Despite rough mechanical and enzymatic handling during the isolation procedure, the mitochondria were kept functionally intact. This was demonstrated by an RCI around 10 ( fig. 1a) and P/O-ratio about 3 ( fig. 1b) . Neither RCI nor P/O-ratio were significantly different between the obese subjects and the lean, untrained reference group (A). However, mitochondrial efficiency, i.e. P/O-ratio, was significantly higher among the trained (B) than among the untrained reference group (A). Respiratory data on (a) respiratory control index (RCI) and (b) mitochondrial efficiency (P/O-ratio) in obese subjects compared to normalweight reference groups with various degrees of fitness levels. RCI was calculated as state 3/state 4 and P/O-ratio was calculated as the ratio between added ADP and consumed oxygen during respiration with pyruvate. Values are mean ± SEM from 9 subjects. *p < 0.05 compared with reference group A, normal-weight untrained. Bakkman/Fernström/Loogna/Rooyackers/ Brandt/Lagerros mal range. Finally, measurements of substrate utilization suggest that obese individuals exhibit reduced fat oxidation and a higher dependence of carbohydrates (measured as higher respiratory quotients) compared to lean individuals [27] . Consequently, these arguments contradict the fact that the reduced oxidation we observed would be limited to carbohydrates. In fact, it should be noted that, based on the motives described above, the oxidation among the obese subjects may have been even more reduced with fat as fuel.
We also find it unlikely that the reduced mitochondrial oxidative capacity solely reflects a more sedentary lifestyle among the obese. The pedometer-determined physical activity level among the obese subjects was 6,630 steps per day, thus not extremely low. Less than 5,000 steps/day is used as a 'sedentary lifestyle index' [28] . A 'low active' level corresponds to about 5,000-7,499 steps/day, which represents a typical activity level for most people not engaged in sports/ exercise [28] . When comparing the normal-weight reference groups with different degrees of physical activity, the mitochondrial efficiency (P/O ratio) differed significantly. If the respiratory data only reflected differences in the degree of activity level we should, in similar ways, have seen a distinction in P/O ratio between the obese subjects and the untrained reference group.
The obese subjects are about 10 years older than the normal-weight reference groups. It can therefore be argued that the reduced mitochondrial capacity is due to age differences. Whether or not age is associated with a reduction in skeletal muscle mitochondrial function is not entirely clear. We have previously rejected the possibility that the differences in respiration of isolated mitochondria are due to aging [29] . There were no differences to be found in respiration of isolated mitochondria from older compared to younger subjects [29] . However, there are conflicting data from an in vitro study showing a decreased state 3 respiration in isolated mitochondria from elderly subjects [30] . Additionally, in vivo results showed a reduced rate of mitochondrial oxidative activity by approximately 40% in old subjects compared to younger counterparts [31] . However, these differences were observed when age differences were considerable (more than 40 years) and are thus likely to be of minor importance in our study, where the difference between the obese subjects and the reference groups is only about 10 years. Likewise, a weakness of our study could be the comparison across gender. Ideally, the gender composition should have remained the same in all groups. We intended to include obese men as well. However, we found, like many others, that obese but otherwise healthy men eligible for gastric bypass are difficult to find.
On the other hand, we find no support in the literature of any gender differences in mitochondrial function. We therefore find it unlikely that this weakness affected the results.
Several studies have implicated that not only does a lower mitochondrial content play a role in the etiology of obesity, tion) using pyruvate as substrate as well as in the uncoupled state (state 4). The results support a role of mitochondrial respiratory capacity in weight regulation and interindividual differences of susceptibility to obesity. A reduced uncoupling would make more of the consumed energy available which, if not expended, would eventually be stored as fat. However, it is difficult to state whether this decreased mitochondrial capacity and uncoupling is part of the cause or the consequence of obesity.
Our results raise new questions about the mechanism behind the reduced mitochondrial capacity. For instance, fibertype distribution has been proposed as an etiological factor in the development of obesity, since an inverse relationship between the fraction type I fiber and body fat has been observed [19] . Type I muscle fibers have a higher capillary density and lipid storage capacity than type II fibers [20] , making them more suitable for fat oxidation. We did not measure fibertype distribution due to limited material, sometimes as low as 10 mg. Thus, it is possible that the decreased mitochondrial respiratory capacity among the obese subjects depended on a low percentage of type I fibers.
In fact, the decreased respiratory capacity may be reserved for the subsarcolemmal mitochondria (SS-M) fraction. SS-M have been postulated to be critical for substrate transport, signal transduction, and fatty acid oxidation [21] . As SS-M appear to be important for fat oxidation, it has been proposed that the reduced capacity of SS-M may contribute to the accumulation of intramyocellular lipids [22] leading to obesity. A disproportional reduction of SS-M activity might play a role in the pathogenesis of obesity.
Although there are a number of possible explanations for the reduced mitochondrial capacity, some explanations could, based on good grounds, be discarded. The lower rate of oxygen utilization, in both coupled and uncoupled respiration, was measured with pyruvate as substrate. It is possible that the outcome would have been different using fat as a substrate. It has been proposed that obese individuals often have a higher dietary fat intake than lean persons [23] . A higher fat intake would result in elevated levels of free fatty acids in the circulation. This may in turn lead to increased fat oxidation in mitochondria [24] . A higher capacity to oxidize fat, thus a higher relative fat oxidation at the expense of pyruvate, could be a plausible explanation for the impaired respiration rate among the obese subjects.
Conversely, there is considerable evidence against this theory. First, a reduction in CPT activity has been found among obese compared to lean counterparts [25] . This restricts the flow of fatty acids into the mitochondria for oxidation and will in turn promote lipid accumulation and lipogenesis. Second, Holloway et al. [26] found that even though oxidation of fatty acid is reduced at whole muscle level in obesity, the ability to oxidize fatty acids is not impaired at the mitochondrial level.
Third, the blood lipoprotein levels (measured as TG, LDL, and HDL) among our obese subjects were all within the norObes Facts 2010;3:371-375
Obesity and Mitochondrial Oxidation 375 mitochondrial function is normalized by weight loss, without change in physical activity, might answer this question and appears to be an important area of research.
